Introduction
It has long been well-known that sliver. roving and yarn thickness are intrincically irregular.
A method of measuring their irregu larity was introduced in 1922 by Frenzel,(22) but the effort to solve it theoretically was begun in 1928, for the first time, by Balls. (5) Imagining that the variation of thickness might be periodic, Balls evolved his so-called "drafting wave" concept and, on the basis of that concept, made researches into the roller drafting of cotton. For more than 20 years since, the problem of unevenness has been pondered and investigated in many countries. The aims of the present article are to collate studies which have been made and to arrange the results already obtained, hoping that it will contribute, in a modest way, to future studies on the subject.
Causes of Yarn Unevenness
Yarn unevenness includes various kinds of measurable irregularities of physical and chemi cal properties, e. g., yarn thickness, diameter, cross-sectional area, weight per unit length, colour, turns of twist per inch, strength, knots, nep, stubbiness, etc.(35) This article deals mainly with irregularities of thickness and weight per unit length. It is generally admitted that these two quantities are almost proportional to each other. They affect the finished product more than any other quantities do and have closer correlation to the finished product. (11) Generally, there are two kinds of yarns, long filament yarn and spun yarn. Causes of yarn unevenness differ between these yarns. Gen erally, the causes of the irregularity of long filament yarn are rather easy to detect. The causes of the irregularity of spun yarn appear to be complex, and they may be described briefly as follows:(35) (a) Properties of raw materials.
The irregularity of yarn thickness, is due mainly to the fact that natural fibres are irregu lar in staple length and cannot be arranged evenly by the existing drawing and spinning machinery. Man-made fibres are uniform in staple length, but their yarn thickness irregu larity, as Martindale(35) says, cannot be reduced to the desired extent. Other physical properties of fibres are undoubtedly important causes for yarn thickness irregularity, but few studies have been made on them.
(b) The inherent shortcomings of processing machinery. Most of the investigations which have been made into the causes of yarn unevenness in spinning systems, such as the cottonn ard wor sted spinning systems, sconcern roller drafting. In the condenser spinning systems, the hand ling of fibres on the carding machine is the most critical point. (33) In these systems, what are considered as the causes of thickness unevenness are drafting and the fact that fibres in each section of the yarn are distributed at random. Unevenness caused by drafting appears to be complex and its periodicity is difficult to measure, although many attempts have been made to do so. (5)(20) (19)(21) Assuming Vm(%) and N to be the coeffi cient of variation of fibre weight per unit length and the average number of fibres in a cross-section of the strand, respectively, the cofficient of variation V R (%) of weight per unit length in random arrangements Methods of measuring yarn unevenness may be classified roughly into two: (1) methed of measuring either yarn thickness or weight directly. and (2) method of measuring any other quantity which is proportional or closely correlative to yarn thickness or weight. Details will be described as follows:
(1) Methods of inspection with the naked eye. (a) Seriplane's method: The so-called Seri plane's method is used in "JIS" (29) as well as the conventional quality inspection. This meth od is very high in sensitivity and develops a very sharp sensibility if used by a skilled worker.
The method, however, may be poor in the objectivity of measurement when only a set of standard samples is measured for com parison, because yarn unevenness is not uni form in appearance.
(b) Method of inspecting knitted webs : Examination of yarn unevenness by making knitted webs of a single end of yarn under equal tension and with equal number of loops per inch is sutiable for this purpose, but it is more or less qualitative and subjective. This method has such a sensibility that a difference of 1 per cent in the coefficient of mean devia tion is measurable, and it is said that it would take about 800 measurements of yarn diameter to ascertain as much significant difference.(34) (2) Methods of weighing.
(a) Cutting method of constant length: To cut samples in a uniform length and to weigh them is an ideal and direct method of unevenness measuring provided the cutting and weighing are done accurately and the length of time taken for unevenness measuring does not matter.
Actually, this direct method is subject to errors in practice and takes a long time as well as much labor.
Therefore, this method is practically limited in its uses to examination of a long-term variation with long samples (b) Cut hank metod:(32) This method was introduced by Martindale in order to apply the cutting method with constant length successfully for worsted yarns and slivers. A steel bar 1 inch wide is mounted on a hank frame 36 inches in circumference, and a yarn of 16 yards in length is wound round the bar. To substitute 100 for n means that the weight variation per inch is measured on a sample 1,600 yards long. Some other methods have been introduced., e.g., a method of measuring diameter under a microscope; a method of counting the number of fibres in any given section of a yarn;(38) a method of observing the weight variation from the change of node distance caused by yarn unevenness when a lateral vibration is given to the sample;(1)(39) and so forth.
So much for direct methods, let us proceed to indirect methods.
The so-called evenness curves are drawn relative to any quantity which is proportional to yarn thickness, and the sta tistical quantity can be obtained from an auto matic calculating apparatus. (3) Thickness-gauge type evenness tester.
(a) The fixed shoe type: A sample is sup plied on or under a fixed shoe and a proper weight is placed on or under the sample. Then the displacement of the weight caused by yarn thickness irregularity is measured after it is magnified by means of a dial gauge,(47) or a mechanical(3) or optical lever.(4)(49) (b) The grooved roller type: The fixed shoe type mentioned above can be used for high twist yarns, but it is not to be used for slivers and rovings because the object to be measured becomes obscure as the sample is drawn, broken or flattened by the friction force. The grooved roller type has been devised to remove these defects. Its principle is as fol lows : a sample is placed in a groove of the roller, the grooved roller is rotated positively, and the displacement of the weight roller by the sample is measured after it is amplified by a mechani cal(4) or electric apparatus.(26)(48) Both Saco Lowell tester (50) and Pacific tester(28)(48) are practical applications of this principle. (4) Air-micrometer (pneumatic) type.
As illustrated in Figure 1 , when a sample passes through the outlet nozzle N2 and air of constant pressure is supplied from the inlet nozzle N1,the pressure difference between N, and N2 is varied by the variation of outlet resistance caused by the passing sample. Such variation of the pressure difference is converted into a height of water or mercury column.
or into a variation of electric current with an electric resistance strain gauge. (43) There are two types of outlet nozzles: one side nozzle and both-sides nozzle, which are illustrated in Figure  2 .
To keep the errors resulting from air-leakage through the yarnguide nozzle minimum, various means are em ployed, such as adjusting the diameter of the nozzle to the yarn counts,(51) making a rabyrinth, (57) or immersing the nozzle in a mercury bath(41) -so far as the one-side type nozzle is concen ed. A short-term variation can be measured with a one-side type nozzle. When a both-sides nozzle is used, the period of variation detected becomes longer, though the errors due to air leakage can be avoided. (12) As to the recording apparatus, a bellows and a pen,(43)(54) a bellows and an inductance, or a combination of an electric resistance strain gauge and ink-writing oscillograph can be used. The electric resistance strain gauge has a great practical value from the point of view of ynamic character.
(5) Electronic capacitance type.( 60) Unevenness is detected from variation of electric capacitance generated by a sample which passes through a gap of the fixed air condenser. The variation of capacitance, which is proportional to the variation of the weight tier unit length of a sample under proper con ditions, is amplified by the resonant circuit method or by the A. C. capacity bridge method.
(56 ) Practical applications of this type are Uster (46) and Fielden-Walker. (15) (16) (60) Defects of the capacitance type are that the moisture content of yarns affects greatly the values observed, because the dielectric constant of water is tens of times as great as that of fibres. Furthermore, a different mixing ratio of fibres gives a different result of measurement if each fibre has a different dielectric constant.
The frequency of oscillator also varies with the temperature.
Nevertheless, this type has been used universally, because it has high a sen sitivity, is easy to use and can be easily fitted with the calculating apparatus.
Recently, it has been used for measurement of lap evenness as well. (6) Photo-electric cell type.
A sample is placed between a source of light and a photoelectric cell, and the variation of light beam generated by yarn unevenness is converted into a variation of electric current which is sufficiently amplified for detection. This method has been tried by many experts. (26)(54) The results obtained by the use of this method are affected by the shape of the cross section and the way how the fibres are arranged in the yarn, because the quantity measured is proportional to the yarn projection, not to the cross-sectional area as in other methods . Hence this method is not to be used for slivers and rovings.
An apparent variation is often noticed in low twist yarns, because their cross-sections may be flat and appear to have been twisted spirally. A device has been created to prevent this apparent variation due to spiral twisting . It is the Filometer,(55) which throws so intense alight upon the sample that some parts of light might go through the yarn in order to intro duce the effect of the mass.
(7) Radioactive-ray type. (23)(24)(25) As described previously, the shape of a crcss section affects the results when visible rays are used for measurement.
The absorption of radioactive-rays, however, depends only upon the mass of samples placed between a source compared with papers and thin plates, it has been found from the results of many experi ments that, so long as the slit is not too wide, the effect of fibre arrangement is very slight even compared with the effect of the tension given to the sample. It has been also found that the absorption of the rays has a simple relation to the mass of the sample tested. A defect of the radio active-ray type is the time variation of radiation intensity.
It generally exhibits poisson's dis tribution, and so the error of measurement is given by 1/??N where N is the counted num ber of the count. Accordingly, N should be over 10,000 to keep the error within 1 per cent. The apparatus of the radiocactive-rays type cannot follow the wave of irregularity unless it is of a very low frequency, if a Geiger counter is used, because the resolving time of a Geiger counter is 10-4 second in the order. From this point of view, either a ionization chamber or a scintillation counter, both of whose resolving time is 10-8 second, is pre ferred (8) Thermo-electrical method. (61) When a yarn is introduced with uniform tension between a heat source and a slit with a thermo-pile, there is a variation of heat quan tity transmitted to the thermo-pile. The vari ation of the heat is transformed into that of electric current, and measured with a galva nometer. The response of a usual galvanom eter is too long for a continucns measurement. The sample should be supplied intermittently and at regular intervals. (9) Diffraction method. (14)(36)(62) Diffraction of light is applied to the measure ment of the diameter of yarns or fibres. This method, however, does not suit fluffy yarns, such as worsted yarns, but it has been tried for measuring linen yarns with definite frange. (10) Strength or elongation method.
(a) Tensile strength method: Variation of tensile strength is examined by testing conti nuously the tensile strength of samples of constant length. When yarn unevenness is con sidered from the point of view of yarn strength, this method is more direct and suitable.
The relation between yarn breakage during processing and strength variation has already been theoretically explained to some extent. Moscropf's(2) and Uster's continuous tensile testers are designed for efficient tests of this kind.
(b) Tensile method at constant elongation: Takahashi's continuous tensile tester(1) records tension at 6 per cent elongation of yarn every 10 meters in 100 times. The tensile method does not break samples as the diffraction meth od does. (11) Electric resistance type. (30) This method measures yarn thickness by the electric resistance of the yarn when electric current is transmitted through the sample. The electric conductivity of yarn is generally small, but the weak current can be measured directly or after the sample is immersed in a liquid. In the "after-immersion" system, the degree of the liquid absorption by the yarn should be taken into consideration. The differ ence of electric resistance of constituent fibres, as well as the homogeneity of chemicals used, will affect the result. Figure 4 . Figure 5 shows various methods of counting: (A) the lengths of time for which the head of a mercury column stays at the respective stages are in tegrated by several contact points and electric clocks;(41) (B) cumulative counting by one of the counters, which belongs to a step of the head, when electric current is automatically transmitted at regular intervals.(13) (C) instead of these time lengths being integrated, fre quency of needles touching or leaving the head of the mercury column at the respective stages is obtained by each counter ; (41)(52) It appears that methods (B) and (C) are subject to greater errors than method (A) ; although no distinct difference in the degree of error exists among the three if the measur ing length exceeds a certain limit. Water and steel balls can also be used to obtain the frequency distribution.
(b) The direct method: Methods which have been introduced to obtain the square integration directly are described briefly as follows :
1) The stepped reckoner:
The stepped reckoner is applied to the thickness type even ness tester.13) (18) The total sum and the square sum of the deviation of variation are calculated automatically by special cogged wheels, as is done in method (B) mentioned in the preceding section, that is, "frequency distribution method." Samples to be tested are supplied intermittently and at regular intervals.
2) Light cut method: The quantity to be measured is transformed by some means into the variation of electric current, the variation being indicated by a galvanometer. The deflection of the mirror of the galvanometer is transferred into the variation of light through two screens with openings of special shapes. Thus, by a photocell and an electro-static voltmeter, both the mean value and the standard deviation are obtained as shown by the Vitno-tester.
3) Integrating watt-hour meter : Two watt hour meters are used simultaneously in this method.
To obtain the linear summation, constant current is transmitted to the existing potential coil and signal current to the current coil of a meter.
To indicate the square sum, single current is transmitted simultaneously to both coils of another meter.42 59° A direct current watt-hour meter suits this method better, and in the case of alternating current watt hour meter, it is advisable to keep power factor at 100 per cent or keep it constant near 100 per cent.
4) Vacuum tube(9):
There is a method to obtain the integration of the square sum di rectly by the use of a character of a vacuum tube. e. g. "6 B 8." Resistance-capacity circuits can be used in this case, as in the case of getting a linear summation.
Also the integrat ed value can be observed by a meter after the signal current is charged in a condenser.
(c) The short-cut methods: Three simple methods of evaluating values observed from random samples have been introduced by Chakrabarti.(8) They are the mean deviation method, the mean range method and the probit method. The accuracy of these methods de pends upon the type of distribution of the values. It is generally admitted that the mean deviation method is suitable to a sample with normal distribution, while the mean range method is suitable where the distribution is biased from the normal distribution.
(2) The coefficient of mean deviation. This is the so-called U % , which is the ratio Fig. 4 Integrating apparatus of Mori-type evenness tester. (3) The average range.
The so-called "average per cent unevenness" is derived in this way: . An evenness curve is cut lengthwise into divisions of a uniform length, the difference between the maximum and the minimum values of amplitude in every segment of the curve is established, and then the mean value of these differences is divided by the mean value of the whole curve (in the Pacific evenness tester, the mean value of the curve can be determined from the groove width of the roller used, its magnifying power and the gauge). (48) This method differs from the mean range method already mentioned in chap ter 4 (1) (c), because the sample used is not selected at random. Accordingly, it is impos sible to estimate the standard deviation. The value obtained, however, is a convenient mea sure for practical quality control,(10) and is generally used as a substitute for U 1 when there is no apparatus to calculate this. It is notable that the value of L neccessary to presume the value of V(-) from A-curve is smaller than that neces sary to do so from B-curve within a given limit of error, and that, as is known from the dotted line in the figure, if values of L is not great enough, different value of V irrespective of an equal V(c), are indicated relative to the same value of L (8) Other methods.
As in the method described in chapter 4 (1) (a), a contact-maker attached to the other end of the recording pen which moves with bellows, keeps contact with belt-like parts which are proportional to yarn thickness.
The parts are separated from one another by insulators, and the contact-maker operates the counter attached to the belt-like parts.(52) Employing this system, it seems very interesting from the point of view of the periodicity of yarn irregularity, to take a total sum of contacts of each constant length of samples as an index of yarn irregu larity(53) in addition to the mean deviation and the standard deviation. Another method, in which the movement of a pen according to yarn thickness is counted whenever it moves beyond a certain limit, is a modification(12) of the probit method described in chapter 4 (1) (c). 
